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I. INTRODUCTION 

It has been a longtime belief that the phenom- 
ena of rotation of the polarization plane and bire- 
fringence applies to only photons. The discovery of 
neutron spin precession in a polarized target due to 
the nuclear pseudomagnetic field [l]-[4] and subse- 
quent analyses have shown that analogues of these 
effects exist not only for photons, but also for other 
particles [5, 6]. Thus, the optical effects caused by 
the anisotropy of matter represent only a special case 
of the coherent phenomena arising at the passage of 
polarized particles through matter. 

The investigation of spin-dependent interactions 
of particles is an important part of the research pro- 
grams to be carried out at storage rings, e.g. RHIC 
or COSY. The study of a number of phenomena 
in particle physics demands knowledge of imaginary 
and real parts of the forward scattering amplitude. 
Whereas the imaginary part, according to the opti- 
cal theorem, can be found through the total scat- 
tering cross section, the real part may be obtained 
through the dispersion relations or by using the ex- 
trapolation of results from small-angle scattering. 
Thus, the phenomena of birefringence (spin rota- 
tion and oscillation) and spin dichroism (defined as 
the production of spin polarization in an unpolarized 
beam) of deuterons [5, 6] moving through homoge- 
neous isotropic matter are of great interest. These 
phenomena allow the measurement of the real part 
of the spin-dependent forward scattering amplitude 
directly. Thus, a check of the dispersion relations on 
the basis of independent measurements of the imag- 



inary and real part becomes possible. The confirma- 
tion of the existence of these effects would necessitate 
taking them into account in all experiments where 
particles with spins higher than 1/2 are scattered 
from polarized and unpolarized targets. Especially, 
their contribution to experiments in storage rings [7] 
and deuteron polarization measurements with thick 
targets [8] has to be considered. Particularly, the 
considered effect in the residual gas of a storage ring 
should be taken into account for precision EDM mea- 
surements [9]. 

The experiment analyzed in this paper has been 
devoted to the first attempt to measure spin dichro- 
ism, i. e. creation of tensor polarization in an 
unpolarized deuteron beam by unpolarized car- 
bon targets. The experiment was carried out in 
the Institute of Nuclear Physics of the University 
of Cologne using the electrostatic HVEC tandem 
Van-de-Graaff accelerator with deuterons of up to 
20 MeV. A 3 He polarimeter, based upon the reac- 
tion d + 3 He — > 4 He + p, was used to measure 
polarization of transmitted deuterons. 



II. THEORY: ROTATION AND 
OSCILLATION OF DEUTERON SPIN IN 
UNPOLARIZED MATTER 
(BIREFRINGENCE AND SPIN DICHROISM) 

According to [5, 6] the index of refraction for a 
deuteron (spin S=l) can be written as: 



N = 1 



2irp 



f(0). 



(1) 
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where/ (0) = TrpjF (0), p is the density of matter 
(the number of scatterers in 1 cm 3 ), k is the deuteron 



wave number, pj is the spin density matrix of the 
scatterers, F (0) is the operator of the forward scat- 
tering amplitude acting in the combined spin space 
of the deuteron and scatterer spin J. 

For an unpolarizcd target /(0) can be written as: 



/(0) ^d + d^l 



(2) 



where S z is the z component of the deuteron spin op- 
erator. The axis of quantization z is directed along 
the particle wave vector k. Considering only strong 
interactions, which are invariant to the parity trans- 
formation and time reversal, we may omit the terms 
containing S in odd degrees. Therefore, the refrac- 
tive index for deuterons 



N = 1 + 



2irp 



(d + d.Sl) 



(3) 



depends on the deuteron spin orientation relative to 
the deuteron momentum. 

The refractive index for a particle in the state, 
which is the eigenstate of the operator S z of spin 
projection on the axis z is: 



N 



1 



2irp , 



dim 



(4) 



where m is the magnetic quantum number. 

According to Eq.(4), the refractive indices for the 
states with m = +1 and m = — 1 are the same, 
while those for m = ±1 and m = are different 
(KJV(±1) ?4 3?iV(0) and 37V(±1) ^ 37V(0)). This 
can be obviously explained as follows (see Fig.l): 
the shape of a deuteron in the ground state is non- 
spherical. Therefore, the scattering cross-section cry 
for a deuteron with m = ±1 (deuteron spin is par- 
allel to its momentum k) differs from the scattering 
cross-section a± for a deuteron with m = 0: 



9/j|(Q) = 4^||^3/±(0) 



4^- 

(5) 
relation 



According to the dispersion 
3?/(0) ~ $(3/(0)), then Uf x (0) ? 3t/„(0). 

From the above it follows that deuteron spin 
dichroism appears even when a deuteron passes 
through an unpolarized target: due to different ab- 
sorption the initially unpolarized beam acquires po- 
larization or, yet more precisely, alignment. 

Let us consider the behavior of the deuteron spin 
in a target. The spin state of the deuteron is de- 
scribed by its vector and tensor polarization (p = (S) 
and pik = (Qik), respectively). When the deuteron 
moves in matter its vector and tensor polarization 
appears changed. To calculate p and pik one need 
to know the explicit form of the deuteron spin wave 
function ip 

The wave function of the deuteron that has passed 
the distance z inside the target is: 



ip (z) = exp (ikNz^j ijjQ. 



(6) 
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Fig. 1: Two possible orientation of vectors S and n ■■ 
a) S\\n; b) S±n 



where tpo is the wave function of the deuteron before 
entering the target. The wave function tp can be ex- 
pressed as a superposition of the basic spin functions 
Xm, which are the eigenfunctions of the operators S 2 
and S z {SzXm = mxm)'- 



E 

m=±l,0 



(7) 



Therefore, 



* = 



ae i5l e ikNlz 
= I be iS ° e ikN ° z 

ce iS-i e ikN^ 1 z 



ae l5l e lkNlZ 

fo e iS e ikN z 



(8) 



(according to the above N% — N-i). 

Suppose the plane (yz) coincides with the plane 
formed by the initial deuteron vector polarization 
Po =/= and the momentum k of the deuteron. In 
this case 6\ — Sq = 5q — §-% = and the com- 
ponents of the polarization vector at z = are 
Px = 0,P y ^ 0, and p z ^ 0. 

The components of the vector polarization 

,=* • • , 

p = (b) = mrm mside the target are: 



P:r 



Py 



<*!*> 



(9) 



Similarly, the components of the tensor polarization 



( 



SiSj 



- SjSi 



are expressed as: 



3 



Pxx — 

Pyy = 

Pzz = 
Pxy 

Pxz = 

Pyz = 



-i (a 2 + c 2 ) e-P^ z + b 2 e-P aaZ - 3ace-P a ^ 

WW) 

-i (a 2 + c 2 ) e"^ 1 * + 6 2 e -^" z + 3ace-P aii 

WW) 

(a 2 + c 2 ) e -P aiZ - 2b 2 e-P aoZ 
WW) ' 

0, 

-Z= e -hp(°°+<^)zb (a + c) sin (^Kdi-z) 



(*!*) 



III. SPIN ROTATION AND OSCILLATION 
AND SPIN DICHROISM OF A 20 MEV 
STORED DEUTERON BEAM 

Let us consider the 20 MeV deuteron beam passing 
through unpolarizcd matter (this energy is typical for 
low-energy accelerators) . The density matrix for the 
deuteron beam before the target can be written as 
follows: 



(10) 



P0 = g + ^ (p X S X + PySy + P Z S 2 

H~ g \PxyQxy H~ PxzQxz H~ PyzQyz J 

g ^PxxQxcc H~ PyyQyy PzzQ zz^j • (12) 



where | 



(a 2 +c 2 ) 



+ b 2 e~P a ° z , 



^ = f 9/o, «n = f /o = d,f 1 = d + d 1 . 

According to (9,10) the spin rotation occurs when 
the angle between the polarization vector p and mo- 
mentum k of the particle differs from ^ . 

For example, when 9?di > 0, the angle between 
the polarization vector and momentum is acute and 
the spin rotates left-hand around the momentum di- 
rection, whereas the obtuse angle between the polar- 
ization vector and momentum gives rise to the right- 
hand spin rotation. 

When the polarization vector and momentum are 
perpendicular (transversely polarized particle), then 
the components of the vector polarization at z = 
are: p x — 0, p y ^ 0, and p z — 0. In this case a = c 
and the dependance of the vector polarization on z 
can be expressed as: 



Px 

Py 

Pz 
Pxx 



= o, 




V2e~ 






(* 1 *> 


= o, 




-4a 2 


e -p<?iz i y2 e -ptr z 




(* | tf) 


2aV 


-po-iz _j_ y2 e -pe z 




<* | *) 


2aV 


-po-iz _ 2b 2 e^P aoZ 




(* | tf) 




-ip( ( ro+ CT i)z2 a 6 s in( 2 |£3fJd 1 z) 




(* 1 *) 


= 0. 





(11) 



Pw 

Pzz 



According to (12) the vector and tensor polariza- 
tion oscillate when a transversely polarized deuteron 
passes through matter. 



Using (8) we can express the density matrix of the 
deuteron beam in the target as: 



e lkzNl 
e lkNoZ 



kN lZ 



Pox 




(13) 



then 



P=(S) = 



, Pik = (Qik) = 



Tr [pQik^j 
Tr(/5) 



where i,k — x, y, z. 

Suppose p xfi , Py fl , p zfi , Pxxfi, Pyy,0, Pzz,0, 

Pxy.o, Pxz.Qi Pyz.o are the components of the 
deuteron vector and tensor polarization before en- 
tering the target then the vector and tensor po- 
larization of the deuteron inside the target can 
be expressed using the first-order approximation 



vikziN-L-Nf) 



l + ikz{N-t - N*) as: 



Px = 

Py 

Pz 



Pzz = 



Pxy 



[1 


- \pz{(J Q +(Ji)]px,a 






TrpI 


1 


_ [1 


- \pz (er + <J\)\ p v fl 






TrpI 


1 


(1 


- pa 1 z)p z , 






TrpI 




_ (1- 


-p<Tlz)p xa ; i o + | / 9z(cri-cro)- 


-^pz(<Ti—ao)pzz,o 




TrpI 




(1- 


-pa 1 z)pyy i0 + ±pz(a 1 -cr )- 


-^pz(ai-ao)pzz,o 




TrpI 


1 


[1 


- \pz (2(T + (7i )] p zz 


.0 - \pZ [px ~ (T ) 




TrpI 




(1 


- P&lZ) P X yfl 


(14) 




TrpI 



4 



Pyz 



[l - \pz (crp + <7i)] p xz . Q + S^mipyfi 
TrpI 

[1 - (cr + crx)] p yZ;0 - S^pjRriip^o 



where Trp/ = 1 - f (2cn + <j ) - f ( ai - a )p zz ,o- 
If the beam is initially unpolarized 

(Px,0 = Pyfi = Pz,0 = Pxx,0 = Pyy,0 = 

p zz ,o = Pzy.o = Pxz,o = Pyzfl = 0) then after 
passing through the unpolarized target of thick- 
ness z the deuteron beam acquires the tensor 
polarization: 



Pzz ~ --pz(ai - a ) , 

Pxx = Pyy ~ T^PZ (o"l - <7 ) • (15) 



The tensor polarization can be expressed by dichro- 
ism G of the unpolarized target: 



4 r 

3 ' Px 



where 



G 



Io-I± 



pz 
~~2 



2 c 

3°' 



co) • 



(16) 



(17) 



I is the intensity of the deuteron beam after the 
target if the deuteron beam before the target is in the 
spin state m = and, similarly, I± is the intensity 
of the deuteron beam after the target if the deuteron 
beam before the target is in the spin state m — ±1. 

Let us evaluate the angle of spin rotation and 
dichroism of a 20 MeV deuteron beam in an unpolar- 
ized carbon target using the above formulas: suppose 
the target density p w 10 23 cm~ 3 , the target thick- 
ness z ~ 0.1 cm, %td\ ~ 6-10 -13 cm, o\ — oqK, — 10~ 25 
cm 2 then the angle of rotation (the magnitude of os- 
cillation phase) is ip = 2 -|^3?(iiz ~ 10 -3 rad and 
dichroism is G ~ 10 -2 . 

The above evaluation considers only the non- 
spherical shape of a deuteron in the ground state, 
however an additional correction may occur when 
considering the spin-spin and Coulomb interactions 
at low energies. Moreover, the eikonal formalism [10] 
can not be applied to the low energy deuterons be- 
cause the wavelength of a 20 MeV deuteron is com- 
pared with the nucleus size. Nevertheless, when sup- 
pose that the S-wave contributes the most to the 
scattering of a deuteron with the energy < 20 MeV 
by a nucleus, then consideration shows that the dif- 
ference (<7i — (To) (and hence, dichroism G) has the 
same magnitude, while the sign is opposite. 



IV. THE EXPERIMENT FOR DETECTION 
OF DEUTERON SPIN DICHROISM WITH A 
3 HE - POLARIMETER 

The experiment for the detection of spin dichro- 
ism of deuterons in a carbon target was carried out 
at the accelerator of the Institute of Nuclear Physics 
of Cologne University. The existing 3 He polarimeter 
of the experimental installation was used. The pur- 
pose was to measure all components of the deuteron 
vector and tensor polarization via anisotropics of the 
protons outgoing from the nuclear reaction [12, 13] 



d + A He -» 4 H e + p . 



(18) 



The polarimeter has four detectors at 24.5° polar 
angles in addition to the fifth detector measuring 
the emitted protons in the forward direction (at 0°). 
This detector is sensitive only to the p Z2 -component 
of the tensor polarization [13]. 

Let us briefly describe the measurement proce- 
dure. The most general form for the cross section 
of a parity conserving reaction induced by polarized 
spin 1 particle is [12]: 



l{0,<p) = I {9) 



l + ^p y A y (9) 



2 1 

(0) + (0) 

+ \pyyA yy (6) + ^ P zzA zz (6) 



(19) 



where we use the projectile helicity coordinate sys- 
tem to describe scattering or reactions induced by 
polarized spin 1 particles. In this coordinate system 
the axis of quantization (z axis) is taken along the di- 
rection of the projectile motion fc; the y axis is taken 
along kxk', where k' represents the direction of scat- 
tered particle or reaction product motion; and the x 
axis is chosen to form a right-handed coordinate sys- 
tem, 9 is the angle between k and k', and A is the 
analyzing power of the reaction. The incident beam 

Scattered beam 



X 




Incident beam k 

Fig. 2: The system of coordinates. 

may have vector polarization components p x , p y and 
p z , but because of parity conservation the reaction 
is sensitive only to the vector component normal to 
the scattering plane. Similarly, although the incident 



5 



beam may contain all six tensor polarization compo- 
nents p xy , p yz , p xz , p xx , p yy and p zz , the reaction is 
sensitive, again because of parity, only to those terms 
indicated in equation (19). The diagonal elements of 
the tensor polarization meet the trace relation: 

Pxx + Pyy + Pzz =0- (20) 

Similarly, for the analyzing power components: 



A-xx + A vv + A zz — . 



(21) 



Thus, only four of the five analyzing tensors that 
appear in (19) arc independent. 

The expression of equation (19) implies scattering 
to the left, if k x k' defines the 'up' direction. If 
we define the azimuthal angle, tp, to be the angle 
between the plane containing both k x k' and k, and 
some fixed reference plane, which also contains k, the 
most general possible azimuthal dependence for the 
cross section is: 



W<p) 



W) x 
3 

1 + 2 (P*' sin ^ + Py' cos v) A v (^) 

\( P x 

1 



• cos tp - p y > z > sin tp) A xz (9) 



+ g [iPx'z' - Py y ) cos 2tp-2p x ,y sin 2tp] X 

x [A xx (6)-A yy (6)} + ^p z , z ,A zz (6)} (22) 

The frame in terms of which the beam polariza- 
tion is described (a/, y 1 , z') is defined according to 
[12]: suppose the beam has components of the vector 
polarization p x > , py , p z > , where z' is along the beam 
direction and y' is chosen in a way that is natural for 
the polarized beam. For example, if the beam is pre- 
pared by a polarized ion source, y' is chosen so that 
its polarization axis of symmetry lies in the (y' , z') 
plane with positive y'; if it is prepared by scattering, 
y' is chosen along k x k' for scattering. Fig. 3 shows 
the relation between (a/, y' , z') (the beam coordi- 
nate system) and (x, y, z) (the analyzer coordinate 
system). 

Using (22) wc can express the number of events 
registered by the detectors of the 3 He-polarimeter: L 
corresponds to the left detector (9 — 24.5°, ip = 0°), 
R, U, D and F are for the right (9 = 24.5°, 
ip = 180°), top (9 = 24.5°, ip = 270°), bottom 
(9 = 24.5°, ip = 90°) and forward (9 = 0°) detec- 
tors, respectively. 

L = Nnfl L EI (2A.5 o ) x 

x jl + ^vA,(24.5°) + ^p' x z'A xz (24.5°) 

+ l(Px> z > -Pyy) [4^(24.5°) - Ayy(24.5°)} 



+ -p z >z>A zz {2A.h°) 




Incident beam 



Fig. 3: Relation between the projectile helicity frame (x, 
y, z) and the frame in terms of which the beam polariza- 
tion is described (a/, y' , z'). For left scattering {tp — 0) 
these frames coincide. 



R = Nnn R EI a (2A.5°) x 

x {l - ^vA/(24.5°) - |j4^„(24.5°) 

+ \{p* x > -Pyy) [A xx (24.5°) - A yy {24.5° 



+ ^Pz>z>A zz {2A 



•5°)} 



U = NnriuEIo^A.S ) x 

x jl - 1^,^,(24.5°) + ^'^(24.5°) 

- \(p x > z > - Pyy) [A XX (2A.5°) - A w (24.5°)] 

+ ^p z 'z'A zz (24.5 )\; 



D = Nnn D EI (24:.5 o ) x 

x jl + ^p y ,A y (24.5°) - 2 -p' x z' A xz {2A.h°) 

- \{Px>z> - Pyy) [4^(24.5°) - A w (24.5°)] 



+ -P Z ' Z 'A ZZ (24 



•5°)} 



F = Nnn F EI Q (0°) 



l + ^Pz'z'A zz (0°) 



where N is the surface density of the 3 He target in 
cm~ 2 , n is the number of incident deuterons, f2 is the 
solid angle, and E is the efficiency of each detector. 

The scheme of the polarimeter [13] is shown in 
Fig. 4, Figs. 5-8 display typical spectrums of detected 
protons produced by deuterons in the 3 He cell and 
analyzing power for the side and forward detectors. 



() 




Fig. 4: 3 He-Polarimeter. 
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Fig. 5: Energy spectrum of protons registered by one side 
detector, produced by deuterons with an initial energy of 
16.2 MeV after passing through the 151 mg/cm 2 carbon 
target. 
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Fig. 6: Energy spectrum of protons registered by the for- 
ward detector, produced by deuterons with an initial en- 
ergy of 16.2 MeV after passing through the 151 mg/cm 2 
carbon target. 



V. DISCUSSION: GENERAL APPROACH 
TO SPIN DICHROISM MEASUREMENT IN 
VIEW OF 3 HE-POLARIMETER FEATURES 

Dichroism and tensor polarization of the deuteron 
beam passing through the carbon target was eval- 
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Fig. 7: Analyzing power for the side detectors. 
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Fig. 8: Analyzing power for the forward detector. 

uated in the previous sections as ~10~ 2 . There- 
fore, the number of particles detected when deuteron 
beam passed through the target is two orders less 
than the number of particles detected without a tar- 
get. 

During the experiment several issues arose. The 
first is associated with the dependence of the detector 
count rate on beam focusing. 

The beam crossover with no target was small and 
it could cross the helium cell in different places result- 
ing in the variation in solid angle ratios between dif- 
ferent detectors. Thus, individual numbers of events 
registered by each detector could vary in about 5 %. 

Incomplete suppression of secondary electrons in 
the polarimeter caused the second issue: the num- 
ber of counts for the equal charge also substantially 
depended on focusing. 

The differential cross section of the reaction 
d + He — > He + p strongly depends on energy as 



7 



it is shown in Fig. 9,10 [14]. For these reasons, it 



mb 




I I I I I I I 

0° 30° 60° 90° 120° 150° 180° cm 

Fig. 9: Differential cross section of the 3 He(d, p) 4 He re- 
action at 6 MeV. 
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Fig. 10: Differential cross section of the 3 He(d, p) 4 He re- 
action at 8 MeV. 

was impossible to calibrate the detectors accurately. 
Besides, the tensor polarization could be found only 
approximately. In the following experiment the mea- 
surement will be improved. It is necessary to choose 
such combinations of L, R, U, D, F with and with- 
out a target so that the results can become max- 
imally insensitive to solid- angle variations. Let us 
designate by L t , Rt, Ut, D t , F t the number of the 
registered particles with a target, and L, R, U, D, F 
without. According to Eqs. (14), (15), after the tar- 
get the beam has only diagonal components of the 
tensor polarization p zz , p xx , p yy , but as p xx = p yy , 
we obtain: 

L t = Nn t Q L EI Q (24.5°) [l + ±p z > z >A zz (24.5°)] 
L = Nnn L EI Q (24:.5 ) 



Rt 


= Nn t n R EI (24:.5 o ) [l + 


\p z , z ,A zz (2A5°)]) 


R 


= Nntt R EI (24:.5 o ) 




u t 


= NntVLuEI^A.b ) [l + 


\p z , z ,A zz {2A.h°)] 


U 


= NnQ.uEI Q (2A5 ) 




D, 


= Nn t Q D EI (24:.5 o ) [l + 


£p,v4w(24.5°)] 


D 


= Nnfl D EI Q (24:.5 ) 




Ft 


= Nn t n F EI Q (0°) + 


«v^,(0°)] 


F 


= Nnn F EI o {0°) 





The relevant combinations used in the data reduc- 
tion - their variation in this case was about 0.2% - 
were therefore: 

l+r+u+d _ (n L + n R + n v + n D )i (2A.5°) 
f ~ n F i (o°) 

(23) 

L t + Rt + Ut + Dt 
Ft 

= (n L + Q R + nu + n D )i (2A.5°) 
n F i (o°) 

x [1 + ^^(24.5°)] 
l+± Pzz A> zz (0°) 

With p zz <1, A zz -1 

L t + Rt + Ut + Dt L + R + U + D 

= x 

Ft F 

x {l + \ Pzz [A zz (2^)~A' zz {Q°)]} (25) 

i.e., if the beam acquires the tensor polarization in 
the target this should lead to a change in the ratio of 
the sum of the counts number of the side detectors 
to the counts of the forward detector. 

The resulting energy dependence of the experi- 
mental points was approximated by a linear least- 
squares fit. The measurements were carried out with 
three different targets and the corresponding ener- 
gies of the incident deuteron beam. The deuteron 
energies after the targets were found from the Bethe- 
Bloch formula and should be about 7 MeV. For ex- 
ample, a deuteron beam of 18.1 MeV in front of the 
carbon target with 188 produces 7 MeV average 
beam energy after the target. At this energy of the 
incident beam calibration measurements without a 
target were taken before. 

For each target a similar processing of the spec- 
trum was done. The thickness of each target and 
parameters of the linear fit for each case are shown 
in table I. 

Experimental points for each target and re- 
lated linear approximations are presented in Figs. 
11-13. The sign • mark experimental points 
(L+R+U+D)/F without a target (calibration) / o 
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TABLE I: Thickness of targets and parameters of the 
linear fit. 



Target 
thickness 
(mg/cm 2 ) 


Parameters of 
linear fit 
y = kx ± b 




k 


b 





-0.134 ±0.005 


1.72 ±0.03 


57.8 ±1.0 


-0.128 ±0.005 


1.68 ±0.03 


151 ±3 


-0.103 ±0.006 


1.50 ±0.04 


188 ±4 


-0.116 ±0.005 


1.59 ±0.03 



experimental points (L±R±U±D)/F for the targets 
of 58 mg/cm 2 , 151 mg/cm 2 , 188 mg/cm 2 , respec- 
tively / the linear fit to experimental points 

(L±R±U±D) /F without target /— the lin- 

ear fit to experimental points (L±R±U±D)/F for 
the targets of 58 mg/cm 2 , 151 mg/cm 2 , 188 mg/cm 2 , 
respectively, the line/ — • — • — corresponds to the 
tensor polarization p zz = 0.1, which does not depend 
on the deuteron energy. 
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Fig. 11: Energy dependence of (L±R±U±D)/F with- 
out target and (Lt±Rt±Ut±D t )/F t for the target of 
58 mg/cm 2 together with the corresponding linear ap- 
proximations ( • experimental points (L±R±U±D)/F 
without a target (calibration) / o experimental points 
(L±R±U±D)/F for the targets of 58 mg/cm 2 , 151 
mg/cm 2 , 188 mg/cm 2 , respectively / the lin- 

ear fit to experimental points (L±R±U±D)/F with- 
out target / — the linear fit to experimental 
points (L±R±U±D) /F for the targets of 58 mg/cm 2 , 151 
mg/cm 2 , 188 mg/cm 2 , respectively /—• — •— the line 
corresponding to the tensor polarization p zz = 0.1, which 
does not depend on the deuteron energy ). 

From the figures and the last table it is seen that 
straight lines for all cases considered do not coincide. 
Especially, it is evident for the targets of 151 mg/cm 2 
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Fig. 12: Energy dependence of (L±R±U±D)/F with- 
out target and (Lt±Rt±Ut±Dt)/F t for the target of 151 
mg/cm 2 and the corresponding linear approximations 
(see Fig. 11). 
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Fig. 13: Energy dependence of (L±R±U±D)/F with- 
out target and (L t +Rt+U t +D t )/F t for the target of 188 
mg/cm 2 and the corresponding linear approximations 
(see Fig. 11). 



and 188 mg/cm 2 , i.e. we have different tensor po- 
larization (dichroism) for various target thickness. 
From the figures one more important conclusion fol- 
lows: the straight line corresponding to tensor polar- 
ization 0.1 crosses the straight line corresponding to 
the unpolarized beam of deuterons with no target in 
the region of 16 MeV. Experimental data behave very 
differently, i.e. we have a rather strong dependence 
of the tensor polarization on the deuteron energy: 

• Experimental points have a relatively wide 
spread with and without a target, although 
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with a target the influence of different focus- 
ing conditions should be smaller. 

• Since the target thickness has an error of ±2%, 
and there is no possibility to calibrate detec- 
tors, the error of the deuteron energy after the 
target obtained with the Bethe-Bloch formula 
and tables is ±0.2 MeV. This means that the 
linear relation may be shifted in this interval 
for each target. 

Therefore, a unique source of information about 
dichroism (tensor polarization arising) is the slope of 
the straight line which does not change essentially in 
this error interval, i.e. the change of line slope with 
and without a target testifies to dichroism (tensor 
polarization) arising according to (25). But since 
we do not know the deuteron energy after the tar- 
gets exactly, we cannot find the difference between 
points on the lines corresponding to the same en- 
ergy and analyzing power with sufficient accuracy. 
Though the magnitude of dichroism cannot be de- 
termined precisely by Eq. (25) within its errors yet 
from the slope we can conclude that dichroism exists 
and increases with energy in this energy region. The 
average dependence of dichroism on the deuteron en- 
ergy after the target passage is shown in Figs. 14-16 
where the relation between tensor polarization and 
dichroism is used: A = — jp zz . 
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Fig. 14: Dependence of dichroism on the deuteron energy 

after the passage of a carbon target of 58 mg/cm 2 ( 

range of deviation). 



VI. CONCLUSION 

According to experimental results it is possible to 
draw the following conclusions: 

1. For all three carbon targets spin dichroism of 
deuterons is observed, especially visible for the 



targets of 151 mg/cm 2 , 188 mg/cm 2 . 
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Fig. 15: Dependence of dichroism on the deuteron energy 
after the passage of a carbon target of 151 mg/cm 2 (see 
Fig. 14). 
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Fig. 16: Dependence of dichroism on the deuteron energy 
after the passage of a carbon target of 188 mg/cm 2 (see 
Fig. 14). 



2. Dichroism grows in the energy region 6-20 
MeV. 

3. The sign change of spin dichroism and its not 
being proportional to the target thickness can 
be explained by a more complicated depen- 
dence of the cross section on the energy of 
particles, which changes when the beam passes 
through the target. For a more complete de- 
scription of the dichroism observed in this en- 
ergy region it is necessary to take into ac- 
count spin-spin and Coulomb interactions and 
a possible influence of resonant reactions of 
deuterons with carbon. 
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